Abstract: Thin film solar cells benefit significantly from the enhanced light trapping offered by photonic nanostructures. The thin film is typically patterned on one side only due to technological constraints. The ability to independently pattern both sides of the thin film increases the degrees of freedom available to the designer, as different functions can be combined, such as the reduction of surface reflection and the excitation of quasiguided modes for enhanced light absorption. Here, we demonstrate a technique based on simple layer transfer that allows us to independently pattern both sides of the thin film leading to enhanced light trapping. We used a 400 nm thin film of amorphous hydrogenated silicon and two simple 2D gratings for this proof-of-principle demonstration. Since the technique imposes no restrictions on the design parameters, any type of structure can be made.
Introduction
Thin film solar cells are an emerging technology with the potential to deliver low-cost and efficient photovoltaic solar energy generation [1] . Once the absorbing layers become very thin (i.e. comparable to the wavelength of light), light trapping schemes are required to compensate for the otherwise poor light absorption. The theoretical efficiency of such schemes is a function of both the material dependent energy bandgap [2] and the absorber thickness [3] . Once the material and its thickness have been chosen, the light trapping nanostructure is designed to couple the incident light into the discrete modes of the thin absorbing layer over an extended wavelength and angular range.
Structures for light trapping vary from engineered rough interfaces [4] , metal particles [5] to photonic crystals [6] and other types of diffraction gratings [7] ; however, the experimentally demonstrated approaches are still well below the theoretical limit, usually taken as the Lambertian limit [8] . The design and realization of an optimal light trapping structure are therefore key aspects of today's research. In particular, diffractive structures can be used either as front anti-reflection layers [9] or as back reflectors [10] . Some groups have already analyzed the case of implementing both structures at the same time [11] [12] [13] [14] [15] [16] , which increases the degrees of freedom available for light trapping design and promises thin film cells that approach the Lambertian limit more closely [17] . So far, the theoretical designs have been limited to supercell-type calculations where the period on one side was the multiple of that on the other, and experimental structures were limited to those with the same period on both sides, i.e. deposited by conformal growth techniques [18] [19] [20] [21] [22] .
Here, we outline a fast and simple method for realizing a double-sided grating structure where both gratings can be fabricated independently. As a proof of concept, we demonstrate the fabrication of two simple 2D gratings etched into the top and bottom of a 400 nm thin film of hydrogenated amorphous silicon (a-Si:H). The fabrication method allows us to study the absorption enhancement of a double-sided grating structure without any restrictions on the design parameters.
Design and fabrication
We use a 2D square lattice of holes for our proof-of-principle demonstration. Such 2D square lattices have been studied widely and are well characterized [3] . For a 400 nm thick a:Si layer, 2D gratings with a periodicity of 300-600 nm have been shown to be effective, and we chose a period of 300 nm as a representative example on both sides; using the same period on both sides also makes the computational comparison easier.
The fabricated top and bottom gratings are shown in Figs. 1(a) and 1(b), respectively. We varied the fill-factor of the two gratings in order to facilitate a clear identification of their respective effects; therefore, the bottom grating appears as a well-defined 2D lattice of holes in Fig. 1 , while the top grating resembles a square lattice of star-like columns in air. We note that this particular design was chosen for its simplicity, and we believe that further improvements can be implemented, e.g. by using two different periods, which will be the focus of future work. The hole diameter of the top grating is set to 300 nm, which is also the lattice period, such that the air holes touch each other. The top grating therefore resembles a chessboard lattice [24] , i.e. star-like columns of a-Si:H in air. The nominal etch depth is 80 nm. The layer transfer technique described next is the core of the process. It is based on using Norland Optical Adhesive (NOA61) which is highly resistant to most chemicals and high temperatures up to 125°C. First, a layer of a-Si:H is deposited by plasma enhanced chemical vapor deposition (PECVD) onto a glass carrier and patterned using conventional lithographic and dry etching techniques (here, we use e-beam lithography). A second carrier is then prepared and both carriers are cleaned in acetone and IPA (five minutes each) and dehydrated on a hot place at 200°C for ten minutes. The surfaces are then plasma ashed in oxygen to guarantee good bonding to the glue and the samples are left on a hotplate at 100°C. NOA61 is then drop-cast onto the carrier with the a-Si:H film and spun at 1800 rpm for 30 seconds. The heat treatment of NOA61 improves the homogeneity of the thin film and avoids the formation of cracks. The second carrier is then placed onto the first one (without any cooling phase) and cured in UV light, with an exposure dose of 700 mJ/cm 2 , for 30 minutes. Following exposure, the two carriers can be prised apart. The technique relies on the fact that the a-Si:H film adheres more strongly to the cured NOA61 than to the original glass carrier. We thus were able to transfer films up to 4 cm 2 surface area. The transferred film is then patterned for a second time. Lithography can proceed as usual because of the resilience of the NOA61 film, including baking of the resist film at 180°C, but warm chemical solutions such as the standard resist remover 1165 above 30°C should be avoided, as these do affect the glue. For this reason, we remove the ZEP mask by an oxygen plasma rather than by dissolving it in 1165. Figure 2(a) shows a top view image of the sample after the fabrication process, while Fig. 2(b) gives a cross-sectional scheme of the obtained structure. 
Measurements and results
The absorption of the structured film is characterized with a white light laser source (NKT Photonics model SuperK TM Compact) and an integrating sphere. The beam is linearly polarized and enters the sphere at an angle of three degrees to avoid reflectance losses. The reflected and transmitted signals are collected with a standard spectrum analyzer (Ocean Optics model USB 2000 + ) at the top of the sphere. The total absorption is therefore given by A = 1 -(T + R).
To verify its optical properties, we first measure the unpatterned a-Si:H film on glass and compare the resulting spectrum to a numerical simulation based on the scattering-matrix method [25] , using dielectric functions derived from ellipsometry, see Appendix. Figure 3 shows very good agreement between the two spectra. Since NOA61 has the same refractive index as the glass substrate, the glue layer is considered as glass in the numerical calculations. Measured and calculated absorption spectra of the bottom, top and double-sided gratings are then plotted in Fig. 4 . Again, we observe very good agreement in all three cases. We also note that the double-sided spectrum combines features of both individual gratings. Table 1 finally summarizes the measured integrated absorption as well as the absorption enhancement obtained by the different structures.
Discussion
Both the individual gratings show absorption enhancements compared to an unpatterned film. This is expected and well documented [26] . We are, however, not aware of comparable structures in the literature that do not use a metal back reflector (BR) or an anti-reflection coating (ARC). Our theoretical analysis therefore shows the potential of the dual interface grating approach, which leads to an absorption enhancement comparable to that of an unpatterned layer with ARC and metal (Ag or Al) back reflector (see Table 1 ). Higher enhancements may well be possible with further optimization.
Comparing the top and bottom gratings, we note that the top grating outperforms the bottom grating (32% vs 25%), which we attribute to antireflection action at the top grating. On the other hand, the bottom grating only diffracts light that has already experienced a single pass and therefore tends to act mostly in the long wavelength range, as most of the short-wavelength light has already been absorbed before it reaches the bottom grating.
Overall, the improvement of the dual grating is clearly apparent, but relatively modest. We believe that further optimization of the individual gratings and their combination will improve the performance; furthermore, an indirect bandgap material such as polycrystalline silicon will benefit more from our approach, as the propagation length is longer; in contrast, in a:Si, a significant fraction of the incoming light is already absorbed in a single pass. Fig. 1(a) is in excellent agreement with the simulated spectrum, while for the top grating of Fig. 1(b) we observe disagreement in the short-wavelength range. We think this discrepancy is due to the lattice structure used in the simulations, since the top grating is not perfectly described by either a lattice of circular holes or a chessboard lattice. (b) The dual grating shows a very good level of agreement between measured and simulated spectrum. Table 1 . Measured absorption and absorption enhancement of a 400 nm thick a-Si:H slab on glass following e-beam patterning. The measurements were integrated over the wavelength range from 600 nm to 750 nm. For comparison the calculated results of a structure consisting of a Ag/Al BR, the a-Si:H slab and a 70 nm Si 3 N 4 ARC are also included (last column). The calculated absorption of the unpatterned film without BR and ARC is 16% instead of the measured 15%, which explains the lower enhancement of the simulated structure. unpatterned bottom top bottom + top unpatterned-ARC-(Ag/Al)* absorption 15% 25% 32% 33% 34% / 32% enhancement 0% 65% 110% 115% 110% / 93% *unpatterned film with ARC and silver or aluminum BR (simulated structure for comparison)
Summary
We demonstrate a simple layer transfer technique using Norland Optical Adhesive 61 and show how a 400 nm thin film of hydrogenated amorphous silicon (a-Si:H) on glass can be patterned from both sides independently. The absorption characteristic of the dual grating structure is measured and is in very good agreement with numerical calculations. The dual grating structure shows an appreciable improvement over single gratings patterned either on the top or bottom of the film, which highlights the promise of the approach; further improvements are clearly possible by optimizing the parameters of both gratings independently, and/or by incorporating a metal mirror as the last step of the fabrication procedure. The layer transfer technique we demonstrate opens a new way to study dual interface gratings without any restriction on the design parameters.
